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Abstract: This study presents a smoothed particle hydrodynamics (SPH) method with Peng-
Robinson equation of state for simulating drop vaporization and drop impact on a hot surface. The 
conservation equations of momentum and energy and Peng-Robinson equation of state are applied 
to describe both the liquid and gas phases. The governing equations are solved numerically by the 
SPH method. The phase change between the liquid and gas phases are simulated directly without 
using any phase change models. The numerical method is validated by comparing numerical results 
with analytical solutions for the vaporization of n-heptane drops at different temperatures. Using the 
SPH method, the processes of n-heptane drops impacting on a solid wall with different temperatures 
are studied numerically. The results show that the size of the film formed by drop impact decreases 
when temperature increases. When the temperature is high enough, the drop will rebound. 
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1. Introduction 
Drop-wall interaction is of importance in combustion engines. The impact of a drop generally goes 
through three different phases, namely kinematic, spreading, relaxation or wetting [1, 2]. During 
the kinematic phase, the rate of spread depends on impact velocity and drop diameter. As seen 
from experimental results [3], in the first 1 ms, the spread factor is independent of temperature. 
This is followed by the spreading phase, when viscosity and surface tension slow down the liquid 
motion. This is followed by either the receding or wetting phase, depending on the wettability or 
the equilibrium contact angle at the liquid-solid-gas interface. Harlow and Shannon [4] created the 
Marker-and-Cell (MAC) finite difference method, which was among the first numerical model 
developed for studying droplet impact. It precludes the effects of surface tension and viscosity and 
therefore has limited utility in predicting the kinematic phase only. Experiments illustrated the 
same phenomena through a quantitative comparison [3]. Models including the capillary effects 
were later introduced [5, 6]. Simulating the no-slip condition at the solid-liquid interface led to 
force singularity [5] which was avoided by using a slip model [6]. A slip model is applied to the 
simulations reported in this paper, which involves using a very high value of liquid-wall viscosity 
(10-20 times more than liquid viscosity) such that the high frictional force at the interface replicates 
the no-slip condition to a satisfactory degree. 
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2. SPH Methods 
The smoothed particle hydrodynamics (SPH) method is applied to simulate the process of drop-
wall interactions and drop vaporization. SPH is a meshless particle method [7, 8]. In SPH, the 
value of a function f at a position r can be calculated by the following particle summation. 
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Here m and ρ are the mass and density of a particle, respectively. W is a kernel function and h is a 
smoothing length to control the size of the summation domain. In this work, the following kernel 
function is used for stability benefits [9, 10]. 
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Here s = |ra - rb|/h. The parameter αd has the values of 1/(3πh2) and 15/(62πh3) in two- and three-
dimensions, respectively. A variable smoothing length is used to ensure sufficient number of 
particles in calculation of field properties [11]. 
   With particle summation, the density of an SPH particle can be calculated as 
 a b ab
b
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    The momentum and energy equations are used to control the fluid flow. 
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Here u is the fluid velocity, p   S I  is tress tensor, g is the gravitation, e is the special energy, 
T  q  is the heat flux, and T is the fluid temperature. In the SPH method, the above equations 
can be discretized into particle equations as follows 
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    The pressure is calculated using the Peng-Robinson equation of state. 
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Here 2[1 (1 )]c ra a k T   and Tr = T/Tc. The temperature is determined from the following 
calorific equation. 
 ( )T e a c    (10) 
The value of c is chosen such that it could predict the saturated liquid and vapor enthalpies 
accurately. 
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   Boundary condition at the wall is imposed by means of a wall force as follows. 
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This force acts on the liquid particles normal to the wall surface. The magnitude of this repulsion 
increases proportionally with depth (constant of proportionality = kc). An attractive force 
proportional to the height of the particle above the wall (constant of proportionality = ka), acts to 
pull the liquid particles towards the wall. 
 
3. Results and Discussion 
Fig. 1 compares the numerical results of saturated temperature and the analytical saturation line 
obtained by using Maxwell’s equal-area rule and the Peng-Robinson equation of state. The liquid-
vapor equilibrium state at different temperatures could be predicted with sufficient accuracy. 
   Fig. 2 illustrates the distribution of the SPH particles and the spatial variation of density. It can 
be seen that as temperature increases, more vapor is produced. It can also be seen that the liquid 
drop has a clear surface at low temperature (T = 297 K), because there is few vapor. As temperature 
increases, the interface between the liquid and gas phases become unclear. As temperature 
approached the critical temperature (T = 545 K), there is no clear distinction between the liquid 
and gas phases.  
 
 Figure 1: Comparison of saturated liquid and vapor densities of n-heptane obtained from 
experiments and SPH simulations 
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 Figure 2: Particle and density distribution at different temperatures (n-heptane) 
 
   Fig. 3 shows the 2D simulation results of a 1.5 mm n-heptane drop impacting on a hot surface at 
different temperatures. It can be seen that the drop spreads on the wall and forms a film at room 
temperature. As the temperature increases, the size of the film decreases and the film thickness at 
the rim increases. However, the thickness at the center of the film decreases. The film even breaks 
when the temperature is high enough (Fig. 3, T = 150 °C and 200 °C and t = 6 ms). At the same 
time, more vapor is produced as the temperature increases. 
   Although the 2D simulation can predict the size decrease of the film with temperature, it cannot 
accurately capture the 3D effect of drop-wall interactions. For example, the rim of the film is a 
circle in a 3D case, and the surface tension in a 3D case is stronger than that in a 2D case. Fig. 4 
shows the 3D simulation results of a 1.5 mm n-heptane drop impacting on a hot surface at different 
temperatures. Due to surface tension, the rim tends to shrink and to decrease its size. It can be seen 
in Fig. 4 that as the temperature increases, the thickness at the center of the film decreases but does 
not break. For the case with T = 200 °C, the drop rebounds at the end.  
 
T = 397 K T = 297 K 
T = 504 K T = 545 K 
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 Figure 3: 2D simulation of impact and vaporization of a 1.5 mm n-heptane liquid drop at 
different wall temperatures (blue: liquid particles, red: vapor particles) 
 
 Figure 4: Isometric view of impact and vaporization of a 1.5 mm n-heptane liquid drop at 
different wall temperatures (vapor particles have been removed from the illustration to 
emphasize the liquid surface structure) 
 
4. Conclusions 
This paper presents an SPH method for simulating drop vaporization and impact on a hot surface. 
The conservation equations of momentum and energy are used to describe the fluid flow and heat 
transfer for both the liquid and gas phases. The Peng-Robinson equation of state are applied to 
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predict the fluid pressure. The governing equations are solved numerically by the SPH method. 
The phase change between the liquid and gas phases are simulated directly without using any phase 
change models. In order to validate the present SPH method, the vaporization process of n-heptane 
drops is simulated. The numerical results agree well with the analytical solutions. The present 
numerical method is able to predict a higher vaporization rate as temperature increases. The 
processes of n-heptane drops impacting on a solid wall with different temperatures are simulated 
in two- and three-dimensions. The simulation predicts the spread, breakup, and rebound of the 
drop. The results also show the decrease in film size as temperature increases. 
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